INTRODUCTION
============

Malnutrition is the underlying cause of death in 45% of all deaths among children under the age of five in developing countries \[[@B1]\]. A diet consistently low in micronutrients results in cells that lack the nutrients essential for normal metabolic functions. In addition, micronutrient deficiency is a common cause of secondary immune dysfunction and is related to increased susceptibility to infection in humans \[[@B2]\]. Longitudinal studies have reported that 89% of immune deficient people had inadequate nutritional status with respect to at least one nutrient, and 41% had multiple abnormalities, the most predominant of which was inadequate plasma levels of micronutrients such as vitamin A, C, E, zinc, and selenium \[[@B2]\]. Another descriptive study found that 46% of subjects had below normal levels of zinc and iron, and 21% of subjects showed below normal albumin levels \[[@B3]\]. Although micronutrient status is not likely to be the most important etiological determinant, it may alter immune function to facilitate disease progression, influence viral expression, and have a significant impact on morbidity and mortality.

Pycnogenol (Pyc), a standardized extract from the French maritime pine bark (Pinus pinaster Ait.), consists of a concentrate of polyphenols whose main constituents are procyanidins, pharmacologically active biopolymers composed of units of catechin and epicatechin. In addition, Pyc contains the bioflavonoids catechin and taxifolin and a number of phenolic acids \[[@B4]\]. Pyc is known to exhibit efficient antioxidant activity and it may act as a modulator of metabolic and antioxidant enzymes and other cellular functions \[[@B5]\]. Several studies have reported that PYC inhibits LDL oxidation, lipid peroxidation in phospholipid liposomes, lipid peroxidation caused by t-butylhydroperoxide, and inflammation in capillary tissues \[[@B6],[@B7]\]. However, evidence for relationship between Pyc supplementation and immune regulation is limited. Thus, the aim of this study was to evaluate the function of Pyc as a potent antioxidant to delay premature death caused by micronutrient deficiency and to investigate the immune parameters such as lymphocyte response and cytokine secretion during Pyc supplementation.

MATERIALS AND METHODS
=====================

Animals and treatment
---------------------

Female C57BL/6 mice, four weeks old, were obtained from SLC (Japan). They were housed in transparent plastic cages with stainless wire lids (3-4 mice per cage) in the animal facility of Kyung Hee University. Our animal use protocol was approved by the Institutional Animal Care and Use Committee of Kyung Hee University (KHUASP(SU)-12-12). The housing facility was maintained at 20-22℃ and 60-80% relative humidity with a 12-h light:dark cycle. For the study, mice were randomly assigned to four groups; normal group with AIN-93M rodent diet, micronutrient deficient group with AIN-93M diet only containing 7.5% of the recommended amounts of micronutrients in the AIN93M diet, and two groups with Pyc supplementation (50 or 100 mg·kg^-1^·bw·d^-1^) along with a low micronutrient AIN-93M diet. Oral administration of Pyc treatment began at two days before feeding the AIN-93M diet only containing 7.5% micronutrients and continued for 18 weeks for survival (12 mice/group) and 12 weeks for immunological analysis (six mice/group).

Pyc was generously donated from Jupiter International (Korean Branch of Horphag Research Ltd, Guernsey, FRA). Female C57BL/6 mice were administered either PYC or vehicle once daily by oral gavage at a dose of 50 or 100 mg·kg^-1^·bw·d^-1^ in 100 µl ethanol. A dose of 50 or 100 mg·kg^-1^·bw·d^-1^ was chosen as this dose was shown to be effective against lipogenesis or lipid metabolism in a previous study \[[@B8]\]. When immune dysfunction developed, all mice were sacrificed by ethyl ether anesthesia. Spleens were dissected and primarily cultured for measurement of lymphocyte mitogenesis and cytokine release. Livers for vitamin E and lipid peroxidation analysis were collected and stored at -70℃ until assayed.

Survival during low micronutrient and Pyc supplementation
---------------------------------------------------------

Female C57BL/6 mice, four weeks old, were randomly assigned to one of the groups and fed a low micronutrient AIN93M rodent diet for 18 weeks to assess the effects of Pyc supplementation on survival. Mice were monitored everyday for survival and conditions while their drinking water and specified diets were changed every three days. Median survival time was defined as the expected number of days until occurrence of 50% of deaths in the treatment group.

ELISA assay for cytokines
-------------------------

Production of IL-2, IL-4, IL-6, IFN-γ, and TNF-α from mitogen-stimulated splenocytes was determined as described previously \[[@B9]\]. Briefly, spleens were gently teased with forceps in culture medium (RPMI 1640 CM containing 10% fetal bovine serum, 2 mmol/L glutamine, 1 × 10^5^ units/L of penicillin and streptomycin), producing a suspension of spleen cells. Red blood cells were eliminated by addition of a lysis buffer (0.16 mol/L ammonia chloride tris buffer, pH 7.2) at 37℃ for 3 min. Then the primary cells were washed twice with culture medium. Cell concentrations were counted and adjusted to 1 × 10^7^ cells/ml. The cell viability was \> 95% as determined by trypan blue exclusion. Primary splenocytes \[0.1 ml/well (1 × 10^7^ cells/ml)\] were cultured in triplicate on 96-well flat-bottom culture plates (Falcon 3072, Lincoln Park, NJ), and were then stimulated with concanavalin A (Con A, 1 × 10^-2^ g/L, 0.1 mL/well, Sigma, St. Louis, MO) to determine their production of IL-2 and IL-4 after incubation for 24 hours and IFN-γ after incubation for 72 hours in a 37℃, 5% CO~2~ incubator. Splenocytes were also simultaneously incubated for 24 hours after addition of lipopolysaccharide (LPS, 1 × 10^-2^ g/L, 0.1 mL/well, GibcoBRL, Grand Island, NY) to induce production of IL-6 and TNF-α. After incubation, supernatants were collected and stored at -70℃ until analysis. Cytokines were determined by sandwich ELISA.

Mitogenesis of splenocytes
--------------------------

Splenic T and B cell proliferation was determined by ^3^H-thymidine incorporation as described previously \[[@B6]\]. Briefly, splenocytes in 0.1 ml of culture medium (1 × 10^7^ cells/ml) cultured in 96-well flat-bottom cultured plates (Falcon) with Con A(10 µg/ml) and LPS (10 µg/ml), were incubated at 37℃, 5% CO~2~ incubator for 24 hour, and then pulsed with ^3^H-thymidine (0.5 µCi / well, New England Nuclear, Boston, MA). After 24-hour incubation, they were harvested using a cell sample harvester (Cambridge Technology, Cambridge, MA). Radioactivity was determined using a liquid scintillation counter (Tri-Carb, 2200 CA, Packard, Laguna Hills, CA). Data were collected as counts per minute (cpm).

Measurement of lipid peroxidation
---------------------------------

Lipid peroxidation (LPO) in liver was measured by *K-Assay*™ using a LPO-CC Assay Kit obtained from Kamiya Biomedical Company (Seattle, WA). This method has previously been shown to be a more sensitive lipid peroxide measurement (assay range: 2-300 nmol/ml) than conventional chemical analysis \[[@B10]\]. Briefly, \~0.2 g of liver tissue was homogenized in 3 ml of CHCl~3~/methanol (2:1, v/v). 0.6 ml of 0.9% NaCl was added to clarify and the mixture was centrifuged at 3000x g for 10 min. The supernatant was discarded while the bottom layer that includes CHCl~3~ was evaporated under N~2~ gas. 100 µl of isopropanol was added to dissolve lipid residue and 20 µl of sample was used for measurement of lipid peroxides using the LPO Kit. In the presence of hemoglobin, lipid hydroperoxides are reduced to hydroxyl derivatives (lipid alcohols) and the MCDP (10-N-Methylcarbamoyl-3, 7-dimethylamino-10 H-phenolthiazine) chromagen is oxidatively cleaved to form methylene blue in an equal molar reaction. Lipid peroxides are quantitated by colorimetric measurement of methylene blue at 675 nm. Lipid peroxidation values were calculated using the equation given from the manual. LPO value was converted to the percent unit for illustration.

Determination of vitamin E
--------------------------

Hepatic vitamin E levels were measured by HPLC as described previously \[[@B11]\]. Briefly, 0.2 g of tissues was homogenized in 1 ml of water. Butylated hydroxytoluene (BHT) was added to prevent oxidation of α-tocopherol. Pentane, ethanol, and sodium dodecyl sulfate were used for extraction of α-tocopherol from the homogenate. Extracts were evaporated under steady flow of nitrogen gas at 20℃ and then redissolved in 0.5 mL of methanol injected onto a C18 column (3.9 × 150-mm NovaPak, Millipore, Bedford, MA). A mobile phase composed of methanol and 1 mol/L sodium acetate in the ratio of 98:2 (v/v) at a flow rate of 1.5 ml/min was used. α-tocopherol with a retention time of approximately 5 min, was monitored using a fluorescence detector (Millipore, Bedford, MA) at 290-nm excitation and 320-nm emission wavelength.

Statistics
----------

The probability of treatment effects was assessed in this study using one-way ANOVA. Mean differences between treatment groups of micronutrient deficiency diets and the control groups were tested using two-tailed Student\'s *t* test. Test statistics were considered significant at the *P* \< 0.05 level.

RESULTS
=======

Body weight, dietary intake, and spleen weight
----------------------------------------------

No significant difference in dietary intake was observed between groups during a period of 10 weeks. However, a decrease in dietary consumption was observed in the 7.5% micronutrient group from 11 weeks until time for sacrifice. According to this result, significant difference in body weight was observed between mice consuming the normal AIN93M diet (29.62 ± 1.37 g/mouse) and the 7.5% micronutrient diet (19.9 ± 2.43 g/mouse). This result is in accordance with that of our previous study indicating the effect of micronutrient deficiency on immunomodulation \[[@B12]\]. This observation was ameliorated in part by Pyc supplementation with 50 and 100 mg·kg^-1^·bw·d^-1^ (23.4 ± 1.2 and 25.7 ± 1.4 g/mouse), which showed significant difference compared to the control group. However, no statistical difference was observed between mice with Pyc supplementation. Spleen weights showed a slight but significant (*P* \< 0.05) reduction in the 7.5% micronutrient group (data not shown). Of particular interest, spleen size was found to be normal in Pyc supplementation groups, indicating that both 50 and 100 mg·kg^-1^·bw·d^-1^ may be sufficient to compensate for size reduction of spleen caused by the 7.5% micronutrient diet.

Survival during reduced dietary micronutrient intake
----------------------------------------------------

Based on the study by Lee et al. \[[@B12]\], suggesting that intake of 7.5% of micronutrients from the AIN93M diet caused immune deficiency, we decided to feed diets with 7.5% micronutrient content from the standard AIN93M rodent diet. The median survival time was 87 days in mice fed the 7.5% micronutrient diet, consistent with Lee\'s report in which the median survival time was 81 days. However, the median survival time of mice fed 50 and 100 mg·kg^-1^·bw·d^-1^ of Pyc was 108 and 110 days, respectively ([Table 1](#T1){ref-type="table"}). No significant difference in median survival time was observed between Pyc supplemented groups.

Mitogenesis and cytokine production of primary splenocytes
----------------------------------------------------------

Mice fed the 7.5% micronutrient diet showed significant impairment of B cell proliferation compared to normal control mice ([Fig. 1](#F1){ref-type="fig"}). Similar results were obtained on T cell proliferation in mice fed the 7.5% micronutrient diet ([Fig. 1](#F1){ref-type="fig"}). Both T and B cell response against mitogens showed a significant increase with Pyc supplementation at a dose of 100 mg·kg^-1^·bw·d^-1^, however no difference was observed between mice fed 50 mg·kg^-1^·bw·d^-1^ and mice fed the 7.5% micronutrient diet.

Production of IL-2 and IFN-γ by Con A-stimulated splenocytes was significantly (*P* \< 0.05) reduced in the group fed the 7.5% micronutrient diet ([Table 2](#T2){ref-type="table"}). Otherwise, release of TNF-α, IL-4, and IL-6; by LPS-stimulated primary splenocytes was significantly (*P* \< 0.05) increased in the group fed the 7.5% micronutrient diet ([Table 3](#T3){ref-type="table"}). Intake of Pyc at 50 and 100 mg·kg^-1^·bw·d^-1^ resulted in enhanced production of IL-2 and IFN-γ, but only treatment with 100 mg·kg^-1^·bw·d^-1^ resulted in reduced production of IL-4 and TNF-α. Unfortunately Pyc supplementation did not change the level of IL-6. These results indicated that Pyc mainly affects Th1 cytokines rather than Th2 cytokines.

Hepatic lipid peroxidation and vitamin E levels
-----------------------------------------------

Intake of a 7.5% micronutrient diet enhanced hepatic lipid peroxidation by 274%. Consumption of Pyc at a dose of 100 mg·kg^-1^·bw·d^-1^ resulted in significantly reduced hepatic lipid peroxidation. Intake of 50 mg·kg^-1^·bw·d^-1^ Pyc only resulted in partial reduction of hepatic lipid peroxidation, but its degree was very slight. Hepatic vitamin E level decreases during low levels of antioxidant and/or micronutrient intake due to increased free radicals, resulting in increased tissue lipid peroxidation. To estimate the effects of restricted micronutrient intake on production of free radicals, hepatic vitamin E level was measured. Not surprisingly, intake of a 7.5% micronutrient diet resulted in a significantly decreased level of hepatic vitamin E. However, Pyc supplementation resulted in dose-dependent restoration of the hepatic vitamin E levels ([Fig. 3](#F3){ref-type="fig"}).

DISCUSSION
==========

In the study of malnutrition and the immune system, it is very interesting to consider that nutritional deficiency primarily affects life span. Pyc contains mainly procyanidins comprised of catechin and epicatechin subunits and other constituents such as polyphenolic monomers, phenolic or cinnamic acids and their glycosides (D\'Andrea G). Pyc is also known to be highly bioavailable for several physiological impairments. Thus, it is believed that Pyc could at least in part replace low micronutrient status in physiological functions. In a morbidity and nutritional impairment study of the Zambian population, the author suggested a significant association of nutritional impairment with impairment of the immune system, which results in premature death \[[@B13]\]. Some micronutrients act as antioxidants; these are of particular importance in reference of malnutrition, a status in which increased oxidative stress and antioxidant deficiencies have been described \[[@B14]\]. Thus, our animal survival study may support the idea that Pyc, as a potent antioxidant, partially delayed premature death by compensating for cellular antioxidative status caused by lack of micronutrients.

Shortage of life span in an animal with low micronutrient intake could be explained by two possible mechanisms, immune dysregulation and excessive free radical production. Low micronutrient intake is thought to involve cytokine dysfunction, since micronutrient deficiencies can modify cytokine production or its receptor expression \[[@B15]\] and cause a shift from balanced Th1/Th2 cell secretion of cytokines to increased Th2 and decreased Th1 cell cytokine production \[[@B16]\]. In another study of undernourishment, 50% of animals fed the nourished diet exhibited an altered cytokine expression profile, resulting in change of Th1/Th2 cytokine balance mainly associated with number of T and B lymphocytes \[[@B17]\]. In addition, Thurnham \[[@B18]\] reported that the main effect of micronutrient deficiencies is the reduction in cell mass that indirectly affects immune cell function, particularly when T cell numbers are reduced. These results are in accordance with our findings of decreased proliferation under conditions of micronutrient deficient dietary intake. The animal study reported by Liu et al. suggested that oral feeding with Pyc for two months significantly augmented the proliferative capacity of T and B lymphocytes \[[@B19]\]. In our study, feeding with only 100 mg·kg^-1^·bw·d^-1^ Pyc, but not 50 mg·kg^-1^·bw·d^-1^, was sufficient to restore T and B cell function associated with micronutrient deficiency. Decreased cell division by micronutrient deficiency could be expected due to decreased release of IL-2, a major T-cell growth factor. Our laboratory previously showed that reduced micronutrient intake exacerbated the ability of T and B cells to proliferate and altered immunoglobulin production by an increase in the number of B cells stimulated by heightened IL-4 secretion \[[@B12]\]. However, our data indicated suppressed B cell proliferation by both micronutrient deficient diets. It is clear that B-cell proliferation was determined by stimulation of LPS, while IL-4 secretion was induced by ConA. Thus, in our *in vitro* study, IL-4 production did not affect B-cell proliferation. Therefore, micronutrient deficient diets may directly damage the proliferative function or indirectly block the signal transduction required for stimulation of B lymphocytes.

As another possible mechanism of premature death, excessive free radical induction may be a result of a micronutrient deficient diet, evidenced by increased lipid peroxidation ([Fig. 2](#F2){ref-type="fig"}). Consistent with data on lipid peroxidation, increased free radicals produced during intake of reduced micronutrients could stimulate utilization of antioxidants, including membrane vitamin E ([Fig. 3](#F3){ref-type="fig"}) \[[@B20]\]. For instance, as evidenced by the decreased production of IL-2 during low selenium and zinc intake \[[@B20]\], most cytokine alteration may be due to deficiency of antioxidant nutrients. Pro-inflammatory cytokines (IL-1, IL-6, and TNF-α) and reactive oxygen species (ROS) are mutually stimulatory \[[@B21]\]. Stimulation of cytokine production by ROS involves activation of nuclear factor kappa B (NF-κB), which induces a systemic inflammatory reaction, resulting in premature death. Similarly, our data showed that lipid peroxidation, a marker of increased presence of ROS, was markedly increased by low micronutrient intake and restored by Pyc supplementation ([Fig. 2](#F2){ref-type="fig"}). Since low micronutrient status could increase both cellular and plasma level of oxidants and TNF-α, dietary intake deficient in micronutrients may cause dysregulated production of these parameters. In addition, oxidative stress due to reduced levels of antioxidants may be a potent inducer of DNA damage in micronutrient deficient cells, producing one of the long-term consequences of immunosuppression \[[@B22]\]. Pyc, as a potent antioxidant, can regulate the cellular secretion of cytokines by inhibiting NF-κB and is well estimated to block both non-enzymatic and enzymatic oxidation associated with DNA damage \[[@B23]\]. Thus, in our study, restoration of the immune system by Pyc supplementation could be related to its antioxidative ability to prolong the life span of T and B lymphocytes by suppressing DNA damage. In animal study, vitamin E deficiency impairs cellular and humoral immunity while it increases the incidence of disease. Amarakoon et al. \[[@B24]\]; reported that rats fed diets deficient in vitamin E after injections of endotoxin showed more anorexia and expressed higher IL-6 levels than animals consuming adequate amounts.

In conclusion, our results may indicate that Pyc supplementation helped increase life span in mice associated with micronutrient deficiency by restoring immune dysfunction and cellular antioxidant levels.

![**Effect of reduced micronutrient intake on T and B cell mitogenesis *in vitro*.** Data are presented as mean ± SD of triplicate wells. ^a^*P* \< 0.05 in comparison with uninfected control mice, ^b^*P* \< 0.05 in comparison with infected control mice.](nrp-8-533-g001){#F1}

![**Effect of reduced micronutrient intake on hepatic lipid peroxidation.** Data were converted to percent unit (% = value of treatment group/value of control group × 100). ^a^*P* \< 0.05 in comparison with uninfected control mice, ^b^*P* \< 0.05 in comparison with infected control mice.](nrp-8-533-g002){#F2}

![**Effect of reduced micronutrient intake on vitamin E levels in liver.** Data are represented by mean ± SD of triplicate wells. ^a^*P* \< 0.05 in comparison with uninfected control mice, ^b^*P* \< 0.05 in comparison with infected control mice.](nrp-8-533-g003){#F3}
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Median survival time of mice in the study of LP-BM5 retrovirus infection and micronutrient deficiency
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^\*^Median survival time was defined as the expected number of days until occurrence of 50% of deaths in the treatment group.
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Effect of Pyc intake on Th1 type cytokine production by primary cultured splenocytes
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Data are presented as mean ± SD of triplicate wells.
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Effect of Pyc intake on Th2 type cytokine production by primary cultured splenocytes
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Data are presented as mean ± SD of triplicate wells.
